The applicability of the tin(II) polyoxometalate catalyst, [(n-C 4 H 9 ) 4 N] 5 PSnMo 2 W 9 O 39 · 9H 2 O, for sulfoxidation of diaryl, dibenzyl, aryl benzyl, dialkyl, cyclic, and heterocyclic sulfides with 30% hydrogen peroxide was examined under organic halogen-free condition. It is noteworthy that different functional groups including carbon-carbon double bonds, ketones, oximes, aldehydes, ethers, alcohols, and acetals were tolerated under this reaction condition.
Introduction
Oxidation of sulfides is the most straightforward method for the synthesis of sulfoxides and sulfones [1 -3] , both of which are important as commodity chemicals and, in some cases, as pharmaceuticals [4] . Although there are a large number of procedures for oxidation of sulfides to sulfoxides [5 -29] , few of these are highly chemoselective and can be stopped at the sulfoxide level [30, 31] . Some of these methods show limitations such as long reaction times, low yields of the products, expensive reagents, poor selectivity, strongly acidic or basic media, acidic work-up, and hazardous or toxic oxidizing agents. Therefore introduction of a clean, mild and efficient method for conversion of sulfides to sulfoxides is still needed.
Aqueous hydrogen peroxide (H 2 O 2 ) is an ideal oxidant due to its effective oxygen content, low cost, safety in storage and operation, and environmentally friendly character, although a catalyst is necessary to activate this oxidant [23, 32] . As part of our ongoing search for application of polyoxometalates in the oxidation of organic substrates [26, 33] , the use of tin(II)-substituted polyoxometalates as catalysts for the oxidation of organic sulfides to sulfoxides (Scheme 1) was demonstrated in the preceding paper. Metalsubstituted polyoxometalates, so-called inorganic metalloporphyrins, have attracted much attention as oxidation catalysts because they are thermodynamically sta-0932-0776 / 06 / 0500-0601 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. ble against oxidative degradation, unlike metalloporphyrins and other metal complexes with organic ligands. These compounds combine the selectivity advantages of homogeneous catalysts with the stability advantages of heterogeneous catalysts. There are more than 50 papers addressing the oxygenation or oxidation of a wide variety of substrates in the presence of polyoxometalate derivatives, and this literature has been recently reviewed [28, 34, 35] .
Results and Discussion
In continuation of our interest in the catalytic activities of polyoxometalates [38] , here, our studies in the oxidation of aromatic, aliphatic, cyclic and heterocyclic sulfides using H 2 was performed on the catalyst. The result indicated that the hydration number was 9.
The oxidation reaction was preliminarily investigated for methyl phenyl sulfide. Different solvents such as dichloromethane, chloroform, acetonitrile, acetone, and benzene were examined. It was observed that acetonitrile is the solvent of choice for this purpose. The reaction rates were very slow for the other solvents. The molar ratio of sulfide to catalyst 1 : 0.04 was found to be ideal for complete conversion of sulfides to sulfoxides, while with lesser amounts (for example 1 : 0.03) the reaction remains incomplete. A control experiment confirmed that, at the time cited in Table 1, little oxidation occurred in the absence of catalyst (below 7%). The optimum molar ratio of sulfide to H 2 O 2 30% was found to be 1.0 : 1.2 and when a higher amount of oxidant was employed, a significant increase in the formation of sulfones was observed.
A wide variety of diaryl, dialkyl, dibenzyl, aryl benzyl, alkyl aryl, cyclic, and heterocyclic sulfides were then reacted using this remarkably simple procedure, and the results are presented in Table 1 . It is evident from the results, as summarized in Table 1 , that catalytic reactions yield sulfoxides as the major products with selectivities of 90 -95%, and only trace amounts of sulfone were observed for some of the sulfides (below 5% for Table 1, entries 1, 4, 7, 8, 10, 14) . The results presented in Table 1 also show that the oxidation of dialkyl sulfides to the corresponding sulfoxides is easier than that of alkyl aryl sulfides (Table 1 , entries 12 -14) . We noted that as expected, the susceptibility of sulfides to H 2 O 2 is highly dependent on the substituents. However, with unsaturated sulfides the sulfoxides are formed without any concomitant epoxidation of double bonds. The mechanism of thioether oxidation with H 2 O 2 in the presence of heteropolytungstates was studied by Kholdeeva et al. [29] .
Competitive oxidation of sulfides in the presence of oxime, ether, aldehyde, alcohol and acetal functions was monitored (Table 2 ). These observations clearly suggest that this method can be applied for the chemoselective oxidation of sulfides in the presence of the above-mentioned groups in multifunctional molecules.
Conclusion
The results presented in this paper demonstrate that this catalytic system is an efficient, rapid, clean, sim-ple, mild, and inexpensive protocol for selective oxidation of a variety of structurally diverse sulfides to their corresponding Sulfoxides, with very easy workup. Moreover, the excellent chemoselectivity of this catalyst towards the sulfur group makes it a good choice for use in the oxidation of functional sulfides.
Experimental Section
The sulfides 1c, 1k, 1l, 1n, 1o, 1p were purchased from the Merck chemical company. The other sulfides were prepared according to the described procedure [36] . The yields refer to isolated pure products. Melting points were determined using a digital Gallenkamp apparatus and are uncorrected. IR spectra were run on a Philips PU 9716 spectrophotometer and FTIR spectra were performed using a Bomem MB 104 spectrophotometer. Thermogravimetric analyses (TGA) were performed under nitrogen flow using a PerkinElmer TGA 7 instrument. The tungsten content in the catalyst was measured by inductively coupled plasma (ICP atomic emission spectroscopy) on a Spectro Ciros CCd spectrometer. 1 H NMR spectra were recorded on Bruker Avance 200 or 500 MHz NMR spectrometers with CDCl 3 as the solvent and TMS as the internal standard. 31 P NMR spectra were recorded on a Bruker Avance 400 DSX 400 NMR spectrometer using 85% H 3 PO 4 as a reference.
Preparation of the catalyst
The synthesis of [(n-C 4 H 9 ) 4 
General procedure for the oxidation of sulfides
To a stirred solution of the sulfide (1 mmol) in acetonitrile (3 ml) in the presence of [(n-C 4 H 9 ) 4 N] 5 PSnMo 2 W 9 O 39 · 9H 2 O (0.04 mmol), hydrogen peroxide 30% (1.2 mmol) was added at r. t. The progress of the reaction was monitored by TLC (eluent: textitn-hexane/ethyl acetate). After the time reported in Table 1 , the sulfoxide was purified by flash chromatography over silica gel and fully characterized. 
